Laurel wilt (LW) is a lethal disease of trees in the Lauraceae plant family, including the economic significant commercial crop avocado, Persea americana. To date, an estimated one-half billion native trees have been destroyed by the disease in the southeastern United States, including the loss of significant and diverse taxa in the Everglades. In the US state of Florida, laurel wilt has spread rapidly throughout the South Florida commercial avocado production area. Since its arrival in 2011, LW has been responsible for the death of about 7000 trees or 1% of the production area. Given the destructive nature of this disease, there are major concerns over the future of the Florida avocado industry. Cost-effective management of LW remains an elusive goal, and current recommendations rely heavily on the early detection and destruction of affected trees (sanitation) in an effort to slow the spread of the disease. An empirical economic model is used to determine when all trees in an orchard affected by LW would need to be destroyed due to negative net returns.
Potential Economic Impact of LW on Commercial Avocado
Avocado is planted on about 3400 hectares in Florida, and represents 60% of the total area planted in tropical fruits in the state. Most commercial avocado orchards are in Miami-Dade County in South Florida, and 93% of the plantings are smaller than 7 hectares [3] . Farm-gate value for Florida avocados is in excess of US $24 million•yr −1 , with a wholesale market value upwards of US $35 million. The Florida avocado industry has an overall economic impact of US $100 million and generates about 550 full-time jobs [8] . The property on which mature avocado trees are grown in Florida is valued at US $326 million [3] .
Evans and Crane [5] estimated unit replacement costs for commercial avocado trees in South Florida as US $330, based on the Tree Value Analysis internet tool developed at the University of Florida [9] . Trees were calculated as assets whose value was determined using the income method. The approach used by Evans and Crane [5] accounted for lost income from the sale of fruits (a farm gate price for fruit of $1.21 kg −1 ), and considered the expense of tree removal ($150 tree −1 ), land preparation, replacement trees, planting, maintenance during a seven-year replacement period (fertilizer, pruning, weeding, and pest control), and a discount rate of 5%.
To assess the economic impact of LW on Florida avocado, Evans et al. [3] considered direct and indirect losses resulting from a hypothetical outbreak of the disease. Direct losses were due to lost income, lower property values, and increased management costs, which included disease monitoring, plant protection products, dead tree disposal, and replanting costs ( Table 1) . Indirect losses referred to secondary or spillover effects in associated businesses, such as those that sell trees, fertilizer, fungicide, and packaging materials, as well as packing houses, transportation services, and retailers ( Table 2 ). An input-output model (I-O), known as Impact Analysis for Planning (IMPLAN), was used to quantify indirect losses [3] . Given the uncertain impact of this disease on avocado production, Evans et al. [3] evaluated three different scenarios: 1) total loss, 2) 75% loss, and 3) 50% loss. They obtained a unit value of US $500 for mature avocado trees by using the Tree Value Analysis internet tool [9] , which is very sensitive to analysis parameters.
The following input parameters were used in the analysis by Evans et al. [3] : the average price received by growers in 2012 (US $1 kg −1 fruit); cost for tree removal (US $150); and increases in management costs (included US $733 ha −1 •yr −1 for vector control through labor and insecticide). Considering these parameters and a total (100%) loss scenario, it was estimated that industry sales would decline US $30 million, and about US $54.3 million would be lost to Florida's GDP ( Table 1) . In terms of employment, it was estimated that 546 jobs would be lost, representing worker earnings of US $19.7 million and tax revenue of US $1.9 million that would not circulate in Florida's economy. It was also estimated that indirect losses would total about US $77 million•yr −1 ( Table 2) .
Model Parameters
Economic and biological data were utilized to develop the described profitability model. To parameterize the model, a production function was created for avocado in Florida. Yearly avocado production was estimated with linear regressions in which the economic life of an orchard was assumed to be 40 years and production decreased after year 30 at an annual rate of 5% [10] . The derived model was statistically significant and explained up to 70% of the variation in avocado production (Appendix Table A1 ).
Most of the economic data were obtained from the Florida Cooperative Extension Service. They reflected South Florida avocado cultivation costs, which included plant nutrition, pest control, weed control and pruning, and represented 40% of the total costs for production. Fixed costs were 30% of the total costs and included land rent, supervision, and overhead. Ancillary activities, which included from harvesting to marketing, accounted for the remaining 30% (Appendix Table A2 ). Establishment/replanting costs for a hectare of avocado were calculated to be US $5742 (around US$30 per tree), and the cost to produce a kilogram (kg) of fruit was calculated to be US $0.77, which included the cost of picking, packing, and marketing (US $0.37 k −1 ) [10] . Based on the average farm gate price received by Florida producers over the last 10 years (US $1.1 kg −1 ), a net return of US $0.33 kg −1 of avocado fruit was obtained (Appendix Table A3 ) [11] .
Model Development
With one of the goals of the present research being to develop a model with which profitability could be as-sessed in the presence of LW, the model assumes that an avocado orchard is an asset with a useful lifetime and a stream of net benefits during that time. The model estimates the economic impact of LW by applying the income method developed by Spreen et al. [12] . Future costs and revenues are estimated to obtain net revenue per annum, and net future revenue is discounted such that the net present value (NPV) is obtained using the formula
where t indexes the corresponding time period; p is the price paid per kilogram of fruit after packing and marketing; t Q is the marketable yield per hectare of avocado in time period t ; t c represents the variable costs per hectare (harvesting, packing, and marketing) at time period t ; F represents production costs (sanitary, irrigation, weed control, and nutrition expenses) and fixed costs (land, supervision, and overhead) per hectare; and r is the discount rate.
It should be noted that LW affects net revenue by both decreasing fruit production (causing the death of trees in the orchard) and increasing management costs (scouting, sanitation, and any prophylactic treatments). The anticipated increase in management costs can therefore be accommodated in the model through an adjustment (reduction) of the net price received for fruit by producers. In this application, net price is adjusted downward by assuming a 10% increase in total costs due to LW management. Higher percent adjustments are also considered but cause the operation to become unprofitable due to slim profit margin growers currently realize.
The effect of LW on avocado production is obtained as indicated by Salifu et al. [7] . To calculate the value of disease incidence at time t , Salifu et al. [7] considers the effective contact rate of disease spread ( ) β , the age of the grove at first detection ( ) 0 a , and the incidence of the disease at first detection ( ) 0 D . A unique solution of when to destroy all trees in the orchard or to replant can be determined with these variables. The profit maximizing objective implies that producers will stay in the avocado business until operating costs become greater than returns, at which time they will either exit the business or replant the orchard if resistant varieties are available.
For the model with LW, a Gompertz-type disease incidence function is used, which drives the epidemic to 100% incidence, similar to Salifu et al. [7] . The disease spread model describes disease incidence t D over time as
Equation (2) contains two important parameters. The first is the rate of disease spread ( ) β , which is also known as the effective contact rate. β values of 0.1%, 120%, 230%, and 350%, which are considered below, indicate the speed of disease transmission over a period of one year. Preliminary data gathered in South Florida avocado orchards during 2012 indicate that LW incidence increases from 1% to 90% within a year if no action is taken against LW. The latter means that if disease incidence starts with one case ( )
, a beta value (spread rate) equal to 350% will be required for depicting the "do nothing" strategy, leading to 90% incidence after a year of initial infection (Figure 1 ).
Model Scenarios
The lifespan of each model scenario is defined as the time between planting and destruction or replacement of the avocado orchard. In this regard, two criteria can be used to assess the economic viability of the orchard. The first criterion centers on estimating the time when the increased management costs associated with the spread of the disease and the reduction in yields due to tree removal (sanitation) results in net returns becoming negative (i.e., costs exceed revenues). The second criterion is based on the calculation of the NPV based on a discount rate of 10%. A positive NPV indicates that an operation is profitable, and a negative NPV indicates that it is not profitable. Using these two criteria, a grower can assess the relative profitability of various management strategies, assuming various rates of spread and incidence of disease when first detected.
Four scenarios are considered based on the management strategy that is adopted and its relative efficacy. The first scenario (Do Nothing) assumes that no action is taken to limit the spread of the disease, hence a spread rate of 350% per annum. The second scenario (Fully Effective) assumes that action is taken with a fully effective control treatment; under this scenario, the value of the parameter beta from Equation (2) decreases to 0.1%. The remaining scenarios consider intermediate levels of control effectiveness: scenario three (Low Effectiveness) assumes that the control strategy reduces beta to 230%, and scenario four (Intermediate Effectiveness) reduces beta to 120%. For each scenario, the two levels of disease incidence at first detection ( ) 0 D considered are 1% and 10% (i.e., respectively, 2 and 20 affected trees out of 192 trees, which corresponds to plant density in avocado groves).
The 10% increase in production costs due to LW management considers the narrow profit margins evident in a previous analysis [8] , and translates to a net price, p , of US $0.25 kg −1 . Avocado production in the presence of LW is simulated with the previously mentioned spread rates, β , of 0.1%, 120%, 230%, 350%, and initial incidences, 0 D , of 1% and 10% after LW is detected on a yearly basis. It is assumed that LW may affect an avocado orchard at any age. Thus, for 1% initial disease incidences, the optimal period at which net returns becomes negative is determined for each scenario, relating to the effectiveness of control measures and the investment value when total tree removal would be advisable (Table 3 and Table 4 , respectively). Similar analyses estimate the 10% initial disease incidence (Table 5 and Table 6 , respectively).
Results and Discussions
LW is a disease that threatens Florida avocado orchards. Given its lethal nature and how fast it kills avocado trees, major concerns for the future of the Florida avocado industry have arisen. Unfortunately, many questions about the epidemiology of LW are unresolved, which has prevented scientists from devising a cost-efficient means of controlling the disease.
An empirical economic model is used to determine when all trees in an orchard affected by LW would need to be destroyed due to negative net returns. Large differences in profitability are determined for avocado orchards affected by hypothetical outbreaks of laurel wilt, depending on whether control measures are utilized and the extent to which these measures are effective. Table 3 shows the optimal period at which a net return becomes negative for a 1% initial disease incidence under four different scenarios (see also Figure 2 ). For example, in column 1 of Table 3 , if a seven-year-old orchard (row 3) were to become infected with the disease in a situation using no control measures (Do Nothing, scenario 1), LW would spread so rapidly that the orchard would need to be destroyed within two years (by year 9) of detection of the disease in the orchard. Similar results are obtained for both the low effectiveness ( ) * β = the rate of LW spread, 0 a = the age of the grove at first detection, 0 D = the incidence of laurel wilt at first detection. Total costs increase due to treatment. NPV is calculated from planting to the period in which net returns become negative. * β = the rate of LW spread, 0 a = the age of the grove at first detection, 0 D = the incidence of laurel wilt at first detection. Total costs increase due to treatment. * β = the rate of LW spread, 0 a = the age of the grove at first detection, 0 D = the incidence of laurel wilt at first detection. Total costs increase due to treatment. NPV is calculated from planting to the period in which net returns become negative. enable the orchard to remain profitable over the economic life of the crop. Under this scenario, when 0 1% D = , net returns would become negative in year 39 (Table 3, Figure 2) . Table 4 presents the value of the orchard at the time when total replanting would be recommended. Thus using the earlier example in which a seven-year-old orchard becomes infected with the disease, the orchard would need to be destroyed immediately using the strategies in scenarios 1, 3, and 4 (the relative values of the investments can be obtained from Table 4 ). In particular, the values of the investment would be -US $89 (do nothing, scenario 1), -US $4399 (low effectiveness, scenario 3), and -US $4315 (intermediate effectiveness, scenario 4), respectively. The larger negative values associated with the latter two strategies are due to the additional management costs assumed. However, in the situation where the management strategy was fully effective to lower the spread rate below 0.1% (scenario 2), the relative value of the investment at the time of the suggested replantation would be approximately US $12,541. In general, the information provided in Table 4 suggests that, orchards younger than eight-year-old would not be economically viable (negative NPV values) after an LW attack, if the control strategy is not fully effective; these orchards would need to be destroyed immediately and would only be replanted if aresistant variety were available or if a fully effective control measure were employed thereafter. The information presented in Table 5 and Table 6 , see also Figure 3 , where 0 10% D = , can be interpreted in a similar fashion to that present in Table 3 and Table 4 .
In general, the model suggests that minimal impacts by marginally effective control measures (low effectiveness and intermediate effectiveness) result from a less than fully effective strategy. When one considers the NPV for these marginally effective scenarios, the model yields that groves younger than ten-year-old should be destroyed immediately after a LW attack if 0 1% D = (Table 4) , or if 0 10% D = (Table 6 , Figure 2 ) due to negative NPV values. The latter highlights the importance of treating LW opportunely.
In summary, a control strategy that lowers the spread rate to either 230% (scenario 3) or 120% (scenario 4) would have no effect on the time period in which negative net revenue is obtained and immediate destruction of the orchard is indicated, compared to the "Do Nothing" strategy (scenario 1). Encouraging results were found only if a completely effective control strategy (scenario 2) were available. Consequently, a control strategy that is fully effective in controlling the spread of LW at a maximum 10% of the current production costs is required to keep avocado growers in Florida in business. LW incidence when first detected impacts the optimal period of destruction of all orchard trees due to negative net returns and is negatively related to NPV. In addition, there is a negative relationship between costs and the time of tree destruction since increased costs due to control measures become greater than the returns. The only exception to this outcome is when the spread rate is reduced to 0.1%. It should be noted that this model will still be useful as the understanding of the disease, pathogen, vector, and host improves. This paper contributes to the literature by providing a decision framework for completely destroying/replanting an orchard in the presence of disease. The framework integrates an epidemiological model and an economic model into a bio-economic model that allows for ex-ante evaluation of various management strategies. The results of our investigation indicate that due to the aggressive nature of the LW disease, nothing less than an effective management strategy that slows the spread of the disease to less than 0.1% per annum would be effective. Early detection (permanent scouting) and elimination of diseased tissues and vectors are therefore of paramount importance. However, given the slim profit margin, such a strategy cannot exceed more than about 10% of the cost of production, under the current assumptions. The insights given in this paper are widely applicable to other diseases affecting perennial tree crops. The approach for cost quantification is generic and thus suitable for application to other diseases affecting perennial crops. A major limitation of the model is that it requires that the behavior of the disease and the effectiveness of the proposed control measures be reasonably well known. In cases where this information is not well known, the model could be strengthened by using stochastic distributions for key parameters such as spread rate.
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